Abstract: In this work, novel SO 3 H type Gemini surfactants having semifl uoroalkyl group (RfCH 2 CH-: Rf = C 4 F 9 , C 6 F 13 , C 8 F 17 ) as hydrophobic group were successively synthesized by the radical addition of fl uoroalkyl to 1,4-pentadiene using fl uoroalkyl iodide and AIBN as initiator, and the following thiocyanization (-SCN), conversion to -SH, and oxidation to SO 3 H as hydrophilic group. Similarly, the common 1+1 type semifl uoroalkyl surfactants having SO 3 H were synthesized.
INTRODUCTION
Fluorinated surfactants with a fl uorocarbon chain as the hydrophobic group have been known to exhibit excellent surface activities such as a remarkably low critical micelle concentration cmc and a high efficiency in reducing the surface tension 1 . Especially, as perfluorooctanesulfonic acid PFOS and perfl uorooctanoic acid PFOA have properties such as strong water repellency, oil repellency, chemical and thermal stability, chemical resistance and non-adherence, they have been widely used for home and industry as fi ber textiles, paper, water proofi ng repellents for leather product, oil repellent processing, stain-resistance processing, coating agents for nonstick cookware, mold-releasing agents, coating agents for semiconductor materials, and so on. Particularly, PFOA is used as an emulsifi er in the production of poly tetrafl uoroethylene . However, as PFOS and PFOA are persistent in natural environment, highly concentrated PFOS was found in the human sera in 1993 2 . In addition, based on environmental surveys and human blood tests in Canada, the UK, Sweden, Germany and Australia, it was clear that high concentrations in the environment including animals in polar areas and humans are widespread 3, 4 . Therefore, it is an urgent need to develop alternatives with shorter fl uoroalkyl chain length for the situation where extreme demands regarding low surface tension are needed, as polyfluorinated compounds with an fl uoroalkyl chain length of C5 or below do not seem to be signifi cant bioaccumulative and toxic 5, 6 .
Recently interest has grown in unique surfactant molecules such as dimeric Gemini surfactants due to the unusual surfactant properties in solution 7 . They are comprised of two conventional single-chain surfactant units connected at the neighbor of head groups by an alkyl chain spacer , namely Gemini surfactants consist of two polar head groups and two hydrophobic groups. Interestingly, in comparison to the corresponding monomeric 1 1 type surfactants, Gemini surfactants have a greater ability to lower the critical micelle concentration cmc and surface tension. In other words, Gemini structure would be highly effective to reduce the amount of surfactant. In this work, on assuming Gemini structure would enable the development of alternatives even with shorter fl uoroalkyl chain length, we wish to report the synthesis of novel sulfonic acid type Gemini surfactant having semifl uoroalkyl groups as hydrophobic segment depicted in Fig. 1 .
EXPERIMENTAL

Materials and Instruments
Perfluoroalkyliodides RfI Rf C 4 F 9 1a , C 6 F 13 1b , C 8 F 17 1c and 1H,1H,2H,2H-perfl uoroalkyl iodides RfCH 2 -CH 2 I Rf C 4 F 9 4a , C 6 F 13 4b , C 8 F 17 4c were purchased from Daikin Ind., Ltd. Osaka, Japan . 1,4-Pentadiene was purchased from Tokyo Chemical Industry. All other reagents and solvents were purchased from Wako Pure Chemical Industries and used as received. Water was prepared by ultrafiltration of distilled water using Advantec pure water system RFU354BA. Infrared spectra were recorded on a Nicolet Avator 370 DTGS FTIR spectrometer, the 1 H-NMR and 19 F-NMR spectra were recorded on a
Brucker AC-300 spectrometer using CDCl 3 as solvent otherwise stated. The mass spectra were taken on a JEOL Mstation JMS-700 mass spectrometer. Surface tension measurements were carried out on Kyowa surface tensiometer CBVP-Z at 25 . As a next step, a mixture of 1c 98.3 g, 180 mmol , 2c 24.6 g, 40 mmol and AIBN 0.33 g, 2 mmol was introduced into 200 mL pressure-resistant glass tube, and subjected to vacuum-fl ushing with argon on freezing with liquid nitrogen. The solution was heated to 70 under stirring for 8 h. After recovery of unreacted iodide 1c and 2c under reduced pressure, recrystallization of residue from hexane gave 1,5-bis heptadecafluorooctyl -2,4-diiodo-pentane 3c 36.0g, yield 84 .
Similarly, 1,5-bis nonafluorobutyl -2,4-diiodo-pentane 3a and 1,5-bis tridecafl uorohexyl -2,4-diiodo-pentane 3b were prepared by 2 steps described above. Yields were list- SO 4 , and concentrated to afford 6c 2.33 g, 92 .
Similarly, other thiocyanates having C 4 F 9 6a and C 6 F 13 6b were prepared almost quantitatively. 
Reaction of Diiodide 3 with Thiocyanide
A mixture of diiodide 3c 11.6 g, 10 mmol , KSCN 11.7 g, 120 mmol and 18-Crown-6 2.64 g, 10 mmol in acetonitrile 300 mL was heated to refl ux for 48 h under nitrogen. After evaporation of acetonitrile, the residue was poured into water and extracted with ether 100 mL three times. Ether extract was washed with water twice, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica eluting with hexane-ethyl acetate 10 1 to afford crude dithiocyanate 8c. Recrystallization from hexane gave 8c 4.10 g, 40 .
8c mp 65. To a solution of 6c 3.04 g, 7.5 mmol in an absolute ethanol 30 mL was added NaBH 4 1.51 g, 40 mmol in small portions at room temperature under vigorous stirring. After stirred for 1h, a mixture was heated to refl ux for 5 h. Under cooling with ice bath, 1M HCl was added to adjust pH 3, poured into water 200 mL , and extracted with ether 150 mL twice. Ether layer was washed with water three times, dried over Na 2 SO 4 . Removal of ether at atmospheric pressure gave 1H,1H,2H,2H-heptadecafluorodecanethiol 9c 2.77 g, 97
. Similarly, other thiols having C 4 F 9 9a and C 6 F 13 9b were prepared in 84 and 99 yields, respectively. . Similarly, other sulfonic acids having C 4 F 9 11a and C 6 F 13 11b were prepared in 86 and 44 yields, respectively. As all sulfonic acids were remarkably hygroscopic, melting points were not determined. To a solution of 10a 0.29 g, 0.5 mmol in AcOH 10 mL was dropwisely added 30 H 2 O 2 3.4 mL, 30 mmol under cooling with ice bath. This mixture was stirred for 24 h at room temperature. After oxidation, sodium sulfi te 3.73 g, 30 mmol and water 10 mL were added to remove any peroxides. After adjusted the solution at pH 1, acetic acid and water were completely removed by using freeze dehydration apparatus. The residue was soxhlet-extracted with CH 2 Cl 2 to afford intermediately oxidized product 0.069 g, yield 24 . Then, the remaining residue was soxhlet-extracted with EtOH to afford sulfonic acid type Gemini 12a 0.24 g, 70 . Similarly, sulfonic acid having C 6 F 13 12b was prepared with heating at 50 for 24 h in 55 yield. In the case of sulfonic acid having C 8 F 17 12c , to a solution of 10c 0.25 g, 0.25 mmol in AcOH 10 mL was added 25 HBr-AcOH solution 0.97 g, 3 mmol . Under cooling with ice bath, 30 H 2 O 2 1.7 mL, 15 mmol was dropwisely added over 30 min. The solution was heated at 50 for 1h with stirring. After oxidation, sodium sulfite 3.73 g, 30 mmol and water 10 mL were added, and pH was adjusted to 1 by using 1M HCl. Acetic acid and water were completely removed, and the residue was extracted with ether. Ether layer was washed with water twice, dried over Na 2 SO 4 , and concentrated to afford 12c 0.11 g, yield 40 .
RESULTS AND DISCUSSION
Gemini surfactant is made up of two hydrophobic tail groups, two hydrophilic head groups and a spacer group in close vicinity to the head groups. When one considers the synthesis of Gemini surfactant, there would be three synthetic routes depending on the order of introduction of hydrophilic, hydrophobic and spacer groups to starting block materials. In the case of Gemini surfactants having perfl uoroalkyl groups fl uoroalkyl Gemini , starting block materials often contain a spacer group, to which fluoroalkyl groups would be introduced, and hydrophilic groups would be introduced at last. For example, Oda et al. 8 and Yoshimura et al. 9, 10 employed polymethylenediamine H 2 N-CH 2 n -NH 2 derivatives as a starting block material having a spacer group. In their fluoroalkyl Gemini surfactants, however, the linkage points were nitrogen atoms and the spacer length must be longer than -CH 2 CH 2 -, which might complicate the analyses of properties. Therefore, fl uoroalkyl Gemini surfactants linked at carbon atom would be desirable, but there have been reported a few syntheses of fluoroalkyl Gemini surfactants whose linkage points were built by carbon atom 11, 12 . In this work, novel SO 3 H type fl uoroalkyl Gemini surfactants linked at carbon atom were developed.
Synthetic strategy
As described above, the choice of starting block material is quite important for the synthesis of fluoroalkyl Gemini surfactant because the introduction of fl uoroalkyl group on carbon atom is widely known not easy by nucleophilic or electrophilic substitution in comparison with case of hydrocarbon chains, except semifl uoroalkyl groups. As a simple and useful reaction for the introduction of fl uoroalkyl groups, Brace have intensively studied the free radical chain reaction of iodoperfluoroalkane Rf-I and terminal unsaturated compounds such as acids esters 13 , alcohols 14 , and so on. Among a lot of his works, we drown close attention on free radical addition of Rf-I to terminal alkadienes 15, 16 , especially to non-conjugated alkadienes CH 2 CH-CH 2 n -CH CH 2 16 , where he mainly obtained linear bis-adducts Rf-CH 2 CHI-CH 2 n -CHI-CH 2 -Rf as shown in Fig. 2 . Interestingly, there were also two C-I bonds on those linear bis-adducts, and so they can be called bis-iodides. As well known, alkyl halide is an excellent starting material for many kinds of compounds by various nucleophiles. Therefore, we made choice of 1,4-pentadine as a representative of non-conjugated alkadienes as a starting block material having spacer group.
Synthesis of Rf Bis-Adduct
According to the literature by Brace 16 , 1,4-pentadine was reacted with equivalent perfl uoroalkyl iode Rf-I Rf C 4 F 9 1a , C 6 F 13 1b and C 8 F 17 1c at the presence of radical initiator AIBN or DTBPO for C 8 F 17 I at 70 in a sealed tube Scheme 1 . As shown in Table 1 , the objective bis-adducts 3 were obtained in 6 28 yield together with mono-adducts 2 as main products, which might be in agreement with the result by Brace. Though Brace did not examine in practice, he proposed the stepwise production of bis-adducts via mono-adducts as shown in Fig. 2 . Then, mono-adducts isolated by distillation were again reacted with 3.5 4.5 equiv Rf-I under similar condition to obtain bis-adducts 3 in good yields though C 6 F 13 I needed additional reaction Scheme 2, We therefore examined nucleophilic substitution of Table 3 .
Though not shown in Table 3 , no reaction occurred even after 48h refl uxing of THF without any catalyst. The combined use of 18-crown-6 as catalyst and CH 3 CN as solvent gave the best yield of 5c.
Similarly, thiocyanate derivatives 6 were successfully prepared by using KSCN and 18-crown-6 in almost quantitative yields owing to the excellent nucleophilicity of -SCN. Similar result was reported by Szonyi et al. with using trioctylmethylammonium chloride as phase transfer catalyst 19 .
3.4 Transformation of RfCH 2 CH 2 CN and RfCH 2 CH 2 SCN to RfCH 2 CH 2 COOH and RfCH 2 CH 2 SO 3 H In addition, hydrolysis of CN was examined under alkaline condition 1M KOH . After 24 h refl uxing, 5c was successfully converted to C 8 F 17 CH 2 CH 2 COOH in 80 yield, which would suggest that our strategy dienes bis-Rfadducts bis-iodide bis-nitrile bis-COOH Gemini might be possible.
Though direct conversion of 6 SCN to 11 SO 3 H was reported by Goldbaum et al. 20 , who used peroxycarboxylic acid at elevated temperature, on considering Gemini synthesis, we selected more moderate conditions, namely conversion of SCN to SH 9 followed by oxidation to SO 3 H. For the fi rst transformation of SCN to SH, there have been reported several methods; 1 Catalytic hydrogenolysis 21 , 2
Alkaline hydrolysis 22 , 3 Reduction with LiAlH 4 or NaBH 4 23 , and so on. Following two methods, Method-A Zn/ AcOH and -B NaBH 4 /EtOH , were examined as shown in Scheme 4. Results were summarized in Table 4 .
As shown in Table 4 , transformation of SCN to SH proceeded in fairly good yields by both methods. In the case of Method-A, disulfi des were obtained as by-product in 2 5 yields, but Method-B gave no by-products. Therefore, Method-B was adapted for the synthesis of Gemini surfactant.
Subsequently, obtained thiols 9 were subjected to oxidization using Br 2 in the presence of aq HCl Scheme 5 . As can be seen in Table 5 , 11a was obtained in good yield while yields of 11b and 11c were less than 50 probably Unfortunately, in the case of the reaction of 3c with KCN using 18-crown-6 in CH 3 CN, the target bis-nitrile could not be obtained, but only bis-fl uoroalkylated diene probably a mixture of 1,3-and 1,4-dienes was obtained in 60 yield. It can be explained that -CN, in this case, acted only as base because 3 was a secondary iodide.
To the contrary, the transformation of 3 to 8 proceeded smoothly in spite of somewhat low yields because of a small amount of by-products as shown in Table 6 .
Transformation of 8 to Gemini
Similar to the case of 1 1 type 11, synthesis of SO 3 H type Gemini was conducted by 2 step transformation of SCN SH SO 3 H. As the fi rst transformation, bis-thiocyanate 8 was reacted with NaBH 4 in EtOH. As shown in Table 7 , bisthiol 10 was successfully obtained.
Subsequently, oxidation of bis-thiol 10c to Gemini 12c was examined by Br 2 /HCl similar to 1 1 type. As expected, oxidation occurred to give SO 3 H Gemini, but the reaction mixture contained some undesired products and was difficult to purify completely. Then, with consulting the work by Goldbaum et al. 20 , bis-thiol 10 was oxidized using H 2 O 2 in AcOH as an another oxidation method.
As shown in Table 8 , in the cases of 10a and 10b, oxidation proceeded smoothly to afford the target SO 3 H Gemini 12a and 12b in 70 and 55 yields, respectively, and 10a also gave oxidation intermediate cyclic -SO 2 -S-compound . However, in the case of 10c, no oxidation occurred even at elevated temperature. To enhance oxidation, hydrobromic acid was added to the H 2 O 2 /AcOH system. Finally, 12c was obtained and easy to purify.
Surface tension measurements
The surface properties critical micelle concentration cmc , effectiveness of surface tension reduction γ cmc , efficiency of surface tension reduction pC 20 Fig. 3 and Table 9 . With respect to the solubility of Gemini 12, 12a was moderately soluble in 0.1 M NaOH, and 1.0 10 -2 M solution was transparent even at 5 . To the contrary, 12b and 12c were slightly soluble in 0.1M NaOH at room temperature and surface tensions were not measured.
In the case of 1 1 type, they showed clear cmc which became smaller with increase in carbon number of fl uoroalkyl groups, namely the fluoroalkyl length C 4 F 9 C 6 H 13 C 8 F 17 , similar to hydrocarbon monomeric surfactants. On the other hand, the surface tensions at cmc γ cmc were almost same 22 mN/m regardless of fl uoroalkyl length. As expected, Gemini 12a showed more than one order of magnitude smaller cmc and lower γ cmc than the corresponding 1 1 type 11a, which clearly indicates the superior efficiency of Gemini structure to reduce the surface tension. In comparison with other reported cmc and γ cmc values of fl uorinated quaternary ammonium salt Gemini C 4 F 9 CH 2 CH OH CH 2 -11. The adsorbed amount of a surfactant Γ cmc can be calculated according to the Gibbs adsorption equation, Γ cmc -1/νRT dγ/dlnC . 25 Here, γ denotes the surface tension, R is the gas constant 8.31 J mol -1 K -1 , T is the absolute temperature, and C is the surfactant concentration. The value of ν for the fl uorinated surfactants in this study was considered to be 1 because the concentration of NaOH was high 0.1M and the effect of adsorption of Na counterion of surfactants at air/water interface would be negligible. Based on the measurement results shown in Fig. 3 , Γ cmc values of 11a-c and 12a were determined using 4 5 points just below cmc and listed in Table 9 . With respect to the occupied minimum area A, the values for 1 1 type 11a-c were 0.36 nm 2 C 4 F 9 to 0.4 nm 2 C 8 F 17 , which was consistent with the values obtained from π-A measurements of semifl uoroalkanoic acid on water 26 . The A value of 12a 0.70 nm 2 was smaller than twice the A values of 1 1 type 11a-c, which would indicate that two hydrophobic chains of Gemini 12a can align more close at the air/ water interface than monomeric surfactant.
In addition, the value of pC 20 25 of 12a was quite larger than that of 11a and located midway between those of 11b and 11c. As pC 20 also measures the effi ciency of adsorption of surfactant at the air/water interface, doubly induced C 4 F 9 groups would show equivalent effi cacy with 1 1 type C 8 F 17 group. These results are also supported by the cmc/ C 20 ratio. In general, the larger the cmc/C 20 ratios, the greater the tendency of the surfactant to adsorb at the air/ water interface relative to the micelle formation. The cmc/ C 20 ratio of the fluorinated Gemini 12a 42.0 was much larger than that of 1 1 type 11a 12.2 and also comparable to that of 11c 41.4 . From these results, it was suggested that the adsorption at the air/water interface for the fl uorinated Gemini surfactants is higher in comparison with the micellization in solution. Therefore, on the viewpoint of development of alternatives with shorter fluoroalkyl chain, it can be reasonably concluded that Gemini structure would be excellent at achieving low surface tension with a fluoroalkyl chain length of C5 or below. 1) Isolated by soxhlet-extraction.
2) Isolated by recrystalization.
CONCLUSION
To develop alternatives with shorter fluoroalkyl chain length for the situation where extreme demands regarding low surface tension, novel SO 3 H type Gemini surfactants having semifl uoroalkyl group RfCH 2 CH-Rf C 4 F 9 , C 6 F 13 , C 8 F 17 as hydrophobic group have been synthesized successively.
Based on the surface tension measurements, the superiority of Gemini structure in surfactant properties was clarifi ed, and it can be concluded that Gemini structure would be excellent at achieving low surface tension even with a fl uoroalkyl chain length of C5 or below.
To the contrary, Gemini surfactants having COOH as hydrophilic group could not be developed by similar concept. Therefore, another synthetic strategy is necessary to develop COOH type Gemini surfactants, and now under investigation. 
